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Luciferase  complementation  assays  detect  protein-protein  interactions  within  living  cells  using  biolumi-
nescence.  Since  the ﬁrst report  using  plant  cells  was  published  in  2007,  over  100  peer-reviewed  articles
have  been  published  describing  the  detection  of  protein-protein  interactions  within  plant  cells by the
assays.  The  assays  have  also  been  used  to  analyze  networks  of  protein-protein  interactions  in  plants.
Although  the  assays  have  a high  dynamic  range, they  remain  qualitative  with  respect  to  determining  the
afﬁnities  of interactions.  In this  article,  we  ﬁrst  summarize  the luciferase  complementation  assays  devel-rotein–protein interactions
uantitative assay
athematical model
lant cells
n vitro
n cellulo
oped  in the  past  years.  We  then  describe  the  mechanism  of the  ﬁreﬂy  luciferase  complementation  that  is
most widely  used  in  plants,  and  the  reason  it is qualitative  rather  than  quantitative  using a mathematical
model.  Finally,  we  discuss  possible  procedures  to  quantitatively  determine  the afﬁnity  of  a  protein  pair
using the  ﬁreﬂy  luciferase  complementation  assay.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).n vivo
. Luciferase complementation assays and their use for the
etwork analysis of protein–protein interactions in animal
ells
Luciferase complementation assays (LCAs) detect
rotein–protein interactions within living cells using biolumines-
ence. In the assays, complementary DNA (cDNA) of luciferase is
rst split into the N- and C- terminal fragments and then fused to
DNAs of a protein pair of interest. A cell of interest is transformed
r transfected with the resulting recombinant cDNAs so that a pair
f the recombinant proteins is expressed within the cell. When
he recombinant proteins interact with each other, the enzymatic
ctivity of split luciferase is reconstituted. Compared with other
ssays that detect protein–protein interaction in living cells, these
ssays have a high dynamic range of interaction signals due to
xtremely low background signals in the samples [1]. Accordingly,
CAs are suitable to conduct high-throughput screening in which
igh degrees of differentiation between a positive and negative
ignal is required.
The research group of Umezawa ﬁrst published the princi-
le of the LCA using luciferase obtained from ﬁreﬂies (Photinus
 This article is part of a special issue entitled “Protein networks – a driving force
or discovery in plant science”.
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/).pyralis)  in 2001 [2]. In the publication, insulin dose-dependent
interactions of phosphorylated insulin receptor substrate 1 (IRS-
1) and the N-terminal SH2 domain of PI 3-kinase in living Chinese
hamster ovary (CHO) cells was described. As the assay was fur-
ther modiﬁed, the research group of Jacob published the network
analysis of protein–protein interactions in Human Embryonic Kid-
ney 293 (HEK 293) cells with LCA using luciferase from copepod
(Gaussia princeps) in 2012 [3]. The analyzed proteins are com-
posed of a total of 2167 viral and human protein pairs. To identify
the interacting protein pairs, they ﬁrst benchmarked the assay
using 100 randomly selected protein pairs for the negative result,
and 143 protein pairs known to interact for the positive [4]. The
detected luminescence was normalized by dividing the lumines-
cence of a tested protein pair by the luminescence measured in
control experiments. In the control experiments, they measured
the luminescence emitted by the random interactions of the N-
and C- fragments of luciferase. Frequency distributions for the nor-
malized luminescence of positive and negative protein pairs were
used to determine the threshold luminescence for an interacting
protein pair.under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. Agrobacterium inﬁltration method. Identiﬁcation of protein-protein inter-
actions in a Nicotiana benthamiana leaf by the Agrobacterium inﬁltration method.
Agrobacterium carrying a T-DNA that expresses a protein pair fused to N- and C-
terminal domain of luciferase was inﬁltrated in different locations on the leaf. The
protein pairs on the right are interacting with each other, but not the protein pairs
on  the left. The luminescence signals were measured using a CCD camera. An image8 R. Dale, N. Kato / Current
. Use of luciferase complementation assays for the
etwork analysis of protein–protein interactions in plant
ells
We  published the application of LCA in Arabidopsis protoplasts,
or the ﬁrst time, to detect the interaction of a histone protein pair
sing luciferase from sea pansy (Renilla reniformis)  in 2007 [5]. We
urther published the network analysis of protein–protein interac-
ions in Arabidopsis protoplasts using the same LCA in 2010 [6].
he analyzed proteins in the network are composed of 38 pairs
f SNAREs (soluble N-ethylmaleimide-sensitive factor attachment
rotein). To identify the interacting protein pairs, we benchmarked
he assay by comparing the previously published results of co-
mmunoprecipitation assays. Eleven negative protein pairs and
 positive protein pairs identiﬁed using co-immunoprecipitation
ssays were compared to the LCA results [6]. The luminescence
etected in the LCA was normalized by dividing the luminescence
y the luminescence emitted by luciferase activity from the click
eetle (Pyrophorus plagiophthalamus)  that depends on the trans-
ormation efﬁciency of the cells. Distributions for the normalized
uminescence values for the positive and negative protein pairs
ere then used to determine the threshold luminescence for an
nteracting protein pair.
In 2011, the research group of Li published the result of the
etwork analysis of protein–protein interactions, composed of 96
uxin response factors (ARFs) and auxin-modulated transcription
actors (Aux/IAA) protein pairs, in Arabidopsis protoplasts using
he LCA with ﬁreﬂy luciferase [7]. The detected luminescence was
ormalized by dividing the luminescence by the activity of -
lucuronidase, which depends on the transformation efﬁciency of
he cells. They compared the results of a co-immunoprecipitation
ssay and the luminescence. Because the normalized lumines-
ence was linearly and positively correlated to the amount of
o-immunoprecipitated proteins, the reliability of the LCA was
fﬁrmed. They then quantitatively analyzed the interaction net-
ork of 96 ARF and IAA protein pairs [7].
Furthermore, in 2014, research groups published LCA methods
o analyze protein–protein interaction networks in tomato and rice
rotoplasts, independently, although they have not yet analyzed
he networks [8,9].
. Six types of luciferase with different enzymatic
haracteristics are used to detect protein–protein
nteractions in living cells
As noted above, LCAs have been developed based on different
ypes of luciferase. Because the characteristics and substrates are
ifferent in each luciferase, it is important to know which luciferase
s used to determine protein–protein interactions in the cells of
our interest. As of today, six different types of luciferase are used to
etect protein–protein interactions in cellulo and in vivo [10]. They
re from ﬁreﬂy (Photinus pyralis) known as FLuc [11], sea pansy
R. reniformis)  known as RLuc [12,13], copepod (Gaussia princeps)
nown as GLuc [14], click beetles (P. plagiophthalamus and Crato-
orphus distinctus) known as CBR and ELuc, respectively [15,16], or
eep sea shrimp (Oplophorus gracilirostri) known as NanoLuc [17].
ach luciferase has a unique enzymatic character (Supplemental
able S1). For instance, the substrate for the luciferases from ﬁre-
y and click beetles (FLuc, CBR, and ELuc) is d-luciferin, while that
or the luciferases from sea pansy, copepod, and deep sea shrimp
RLuc, GLuc, and NanoLuc) is coelenterazine. The wavelengths of
uminescence emitted from the activities of each luciferase are also
ifferent. While FLuc has its emission peak at 560 nm,  RLuc and
Luc have their emission peak at 480 nm.  CBR has its emission peak
t 613 nm.  Moreover, brightness of luminescence produced by theof  a luminescence heat-map is superimposed on a black-and-white image. (Kato
and Popescu, unpublished).
enzymatic activity differs. For instance, in cultured human cells,
codon optimized GLuc shows 200-fold brighter signal than that
from codon optimized FLuc [18]. The size of each peptide also dif-
fers. While FLuc is composed of 550 amino acids (61 KDa), NanoLuc
is composed of 171 amino acids (19 KDa).
4. Fireﬂy luciferase complementation assay is most widely
used for plant cells
Over 100 peer-review articles that use luciferase complementa-
tion assays to detect protein–protein interactions within plant cells
have been published since 2007. We  randomly selected 70 of the
articles and summarized protein pairs and the type of luciferase
used (Supplemental Table S2). As seen in the table, among the
six types of luciferase used, ﬁreﬂy luciferase (FLuc) is most widely
used in plants. Nearly 75% of the articles (52 of 70 articles) use the
Agrobacterium inﬁltration method to determine protein–protein
interaction by FLuc (Fig. 1). The Agrobacterium method allows
expressing split FLuc in tobacco (Nicotiana benthamiana) leaves.
The method was  coined luciferase complementation imaging (LCI)
by the research group of Zhou who  published the method for
the ﬁrst time in 2008 [19]. In LCI, a charge-coupled device (CCD)
camera detects luminescence after d-luciferin is sprayed onto the
leaves. In 14 articles (20% of the 70 articles), Arabidopsis or tobacco
protoplasts are transformed with plasmids expressing split FLuc
using polyethylene glycol (PEG). The protoplasts are placed into
96-well plates, and d-luciferin is added directly to the wells. A pho-
tomultiplier tube (PMT) or a CCD detects luminescence. In these
articles, the assay is typically conducted together with another
assay that also detects protein–protein interactions such as a co-
immunoprecipitation assay.
LCI has given high impact results in the ﬁeld of plant biology.
For instance, the research group of Zhou tested interaction of 9
effector proteins from Pseudomonas syringae with plant proteins
 Plant Biology 5 (2016) 57–64 59
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Fig. 2. Assumption of linearity of detected luminescence in the FLCA. When data
of  the ﬁreﬂy luciferase complementation assay are quantitatively analyzed, the
detected luminescence is assumed to correlate with the interaction of the protein
pair  directly and linearly. The ﬁgure describes the assumption. N: a protein fused
to  the N terminal domain of ﬁreﬂy luciferase. C: a protein fused to the N terminal
domain of ﬁreﬂy luciferase. NC: an associated protein pair. Lin: d-luciferin within
cells.
Fig. 3. Chemical reactions in ﬁreﬂy luciferase. Reaction 1: binding of the substrates
and adenylation. Reaction 2: oxidation of the intermediate to form excited oxy-
luciferin. Reaction 3: emission of light by the decay of excited oxyluciferin to the
ground state. Reaction 4: alternate pathway wherein L-AMP is formed from theR. Dale, N. Kato / Current
hat are involved in the E3 ligase complex, chaperone complex,
isease resistance, or transcription factors [19]. The proteins were
lso mutated to serve as negative controls for the interactions [19].
igh luminescence was observed for the positive interaction pairs,
hereas low luminescence for the negative control pairs. They con-
luded from the LCI results that if the amount of interacting protein
airs were quantiﬁed using a Western blot, the afﬁnity of the inter-
cting proteins could be deduced from the luminescence detected
n the assay. On the other hand, the research group of Ausubel
sed LCI to determine the interactions of the Arabidopsis receptor
or activated C kinase 1 (RACK1) against mitogen-activated pro-
ein kinase (MAPK) proteins [20]. They found that RACK1 interacts
ith MPK3 and MPK6, but not MPK4. These results were consistent
ith the results of the bimolecular ﬂuorescence complementation
BiFC) and co-immunoprecipitation assays. The LCI data were fur-
her used to quantify the interaction between the protein pairs.
astly, the research group of Wang used LCI to study the inter-
ction between transcription regulators of the circadian clock in
rabidopsis, including far-red elongated hypocotyl 3 (FHY3), far-
ed impaired response 1 (FAR1), catalase-3 (CAT3), timing of cab
xpression 1 (TOC1), and chlorophyll a b-binding protein 2 (CAB2)
21]. The LCI data showed that protein pairs FHY3 and CCA1 inter-
ct in cellulo.  These results were conﬁrmed using a gel-ﬁltration
hromatography assay.
. Is the ﬁreﬂy luciferase complementation assay
uantitative? The mechanism of complementation of the
reﬂy luciferase activity
Some of the previously published articles consider the data
btained through the ﬁreﬂy LCA (FLCA hereafter) to be a quantita-
ive measurement of the interaction. Unlike BiFC, which is sensitive
o association but not dissociation of a protein pair [22], FLCA is
ensitive to both association and dissociation of a protein pair [23].
ence, FLCA could be used to measure interaction of a protein pair
uantitatively. Because the reconstitution of the ﬁreﬂy luciferase
ctivity is thought to depend solely on interaction of a protein pair
used to split ﬁreﬂy luciferase, it seems reasonable to assume that
he detected luminescence is directly and linearly correlated with
he interaction of the protein pair (Fig. 2). We,  however, noticed that
o article had been published studying the relationship between
etected luminescence and the afﬁnity of the analyzed protein
air in the FLCA. Demonstration of the linear relationship between
mounts of recombinant proteins that interact with each other and
ormalized intensities of luminescence emitted in the cells is not
nough to consider the FLCA quantitative. This is because one needs
o determine amounts of recombinant proteins that are not inter-
cting with each other within the cells to determine the afﬁnity of
 protein pair quantitatively [24].
To understand the quantitativeness of luminescence emitted in
LCA, we must ﬁrst understand the mechanism of ﬁreﬂy luciferase
omplementation. Interestingly for us, ﬁreﬂy luciferase is actually
he only luciferase among the six different types of luciferase used
n the LCA that has been studied enough to understand the mech-
nism of complementation.
As mentioned earlier, ﬁreﬂy luciferase is a 61 kDa peptide with
50 amino acids [25]. The N-terminal domain (amino acids 4–436)
ontains the residues that serve as a primary site for substrate bind-
ng [26,27]. On the other hand, the C-terminal domain (amino acids
40–544) contains the primary catalytic residues. After binding the
ubstrate, d-luciferin, to the N-terminal domain, amino acid K529
denylates it to form luciferyl-adenylate, the intermediate (Fig. 3).
his intermediate is then oxidized by amino acid K443 [26,28].
he oxidation step produces two products. Oxyluciferin is pro-
uced in a light emitting reaction (Reaction 2 and 3 in Fig. 3), whileintermediate. Luc: ﬁreﬂy luciferase. LH2: D-luciferin. LH2-AMP: the intermediate,
luciferyl-adenylate. L-oxy*: activated oxyluciferin. L-oxy: oxyluciferin. hv: lumines-
cence. L-AMP: dehydroluciferin.
dehydroluciferyl-AMP is produced without the emission of light
(Reaction 4 in Fig. 3). Oxidation without light emission is known to
occur approximately 20% of the reaction, but it occurs more often
when ﬁreﬂy luciferase without the C-terminal domain is used in
the reaction [28,29]. In FLCA, ﬁreﬂy luciferase is split into the N-
terminal domain (NFLuc thereafter) and C-terminal domain (CFLuc
thereafter) [30]. Luminescence is produced by the reconstitution
of the catalytic domain of ﬁreﬂy luciferase through interaction of
NFLuc and CFLuc.
Because NFLuc and CFLuc alone have very weak afﬁnity with
each other, the luminescence emitted in FLCA could directly indi-
cate the interaction between the protein pair fused to NFLuc and
CFLuc. However, several factors make quantitative comparison of
the afﬁnities among different protein pairs difﬁcult. First, emitted
60 R. Dale, N. Kato / Current Plant Biology 5 (2016) 57–64
Fig. 4. System model of in cellulo FLCA. We  added function of cells such as transcription and translation to the model of in vitro FLCA that we previously constructed [31].
N:  a protein fused to NFLuc. NC: associated protein pair. A: ATP. L: LH2, D-luciferin. NC-A: NC bound to ATP. NC-L: NC bound to LH2. NC-LA: NC bound to LH2 and ATP. NC-I:
NC  bound to LH2-AMP. I: Free LH2-AMP. NC-LOXY: NC bound to L-oxy. NC-LAMP: NC bound to L-AMP. LOXY: Free L-oxy. LAMP: Free L-AMP. LIGHT: Observed luminescence.
N-A:  NFLuc bound to ATP. N-L: NFLuc bound to LH2. N-LA: NFLuc to LH2 and ATP. N-I: NFLuc bound to LH2-AMP. N-LOXY: NFLuc bound to L-oxy. N-LAMP: NFLuc bound to
L-AMP. Lout: LH2 outside the cell. Lin: LH2 inside the cell. A protein fused to CFLuc is not shown. X# and C# indicate species and parameters assigned in ordinary differential
equations.
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oig. 5. The in cellulo FLCA model ﬁts to the experimental data. The in cellulo model 
n  cellulo kinetic data (black line) [7]. (A) Model ﬁt to kinetic data of FRB-CFLuc and
f  FRB-CFLuc and FKBP-NFLuc. Equimolar rapamycin was added and at 10 minutes 
uminescence is affected by the positions of NFLuc and CFLuc fused
o a protein pair of interest through a ﬂexible linker. For instance,
uminescence emitted from interaction between tumor protein
53-NFLuc and mouse double minute 2 homolog (mdm2)-CFLuc
NFLuc and CFLuc fused to the C-terminal end of p53 and mdm2,
espectively) is much lower than that of NFLuc-p53 and CFLuc-
dm2  (NFLuc and CFLuc is fused to the N-terminal end of p53 and
dm2,  respectively) [30]. This is most likely due to geometric effect
f the protein structures attached to NFLuc and CFLuc. It is rea-
onable to assume that the reconstitution of the catalytic domain
s difﬁcult or impossible in some protein pairs that may  create a
ulky structure between NFLuc and CFLuc, thereby preventing the
econstitution of the catalytic domain. Second, the concentrations
f the protein pair accumulated within the cell largely inﬂuencehe most optimized parameters (red line) ﬁtted reasonably to previously published
-NFLuc after the addition of equimolar rapamycin. (B) Model ﬁt to the kinetic data
 ascomycin was added. RLU: relative luminescence unit.
the amount of luminescence emitted. According to the principles
of enzymatic reactions, when the concentration of the substrate is
much higher than the enzyme concentration we can assume the
amount of the product depends on the concentration of enzyme,
which depends on the expression levels of recombinant proteins.
Hence, when we  compare luminescence in different protein pairs,
we need to know the concentration of the recombinant proteins
accumulated within the cells. Lastly, fusing NFLuc and CFLuc to
a protein pair may  cause mis-localization within the cells due
to blocking some signal sequence(s) encoded within the peptide.
Accordingly, we need to make sure that different levels of lumi-
nescence is not due to incomplete reconstitution of the catalytic
domain, mis-localization, and/or different levels of accumulations
R. Dale, N. Kato / Current Plant Biology 5 (2016) 57–64 61
Fig. 6. The model predicts that in cellulo FLCA underestimates Kd . (A) Heat map  of the Kds of the 96 protein pairs predicted by the in cellulo FLCA model. The highest Kd value
is  normalized to 1. (B) Heat map  of the normalized RLU of the 96 protein pairs, ARFs and Aux/IAA, in Arabidopsis protoplasts, reproduced from [7]. The highest RLU value
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f the recombinant proteins before we compare the levels of lumi-
escence.
A further question is “Can we quantitatively compare the afﬁni-
ies of protein pairs in FLCA when we assume the emitted luminescence
rom cells depends solely on protein interactions?” For instance, when
e study protein–protein interactions among products of paralo-
ous genes, we could assume the structures and stability of the
rotein products are almost identical. Accordingly, in the assay, we
ould assume that levels of luminescence emitted would depend
olely on the interaction of protein pair fused to NFLuc and CFLuc
ut not on mis-localization and/or different levels of accumulation.
lthough it may  be a surprise for some readers, we found that lumi-
escence detected in FLCA is not linearly correlated with the afﬁnity
f the protein pairs, even when we assume the luminescence emit-
ed depends solely on the interaction.
. A mathematical model was constructed to understand
he mechanism of FLCA in plant cells quantitatively
When FLCA data are interpreted quantitatively, luminescence
s thought to depend wholly on the afﬁnities of the protein pair
used to NFLuc and CFLuc (Fig. 2). However, how the emission of
uminescence is regulated by the interaction of the protein pair has
ot been understood in the past. To understand the relationship
etween luminescence and the afﬁnity of the protein pair quanti-
atively, we previously constructed a mathematical model of the
n vitro FLCA, based on the experimental data [31]. In the study,
e employed a system of ordinary differential equations (ODEs) to
epresent the entire system of enzymatic reactions that occur in the
LCA. The system was based on the following assumptions. Changes
f luminescence emitted in the reaction depend on solely changes
f the afﬁnity of a protein pair tested. NFLuc and CFLuc reconsti-
ute the catalytic domain upon the association of the protein pair
used to NFLuc and CFLuc. ATP and d-luciferin, the substrates of ﬁre-
y luciferase, bind to NFLuc independently from CFLuc [28,32,33].
ith both substrates bound, NFLuc alone catalyzes the adenyla-
ion and oxidation reactions, but at a much lower rate than when
FLuc is present [27,28,32,33]. The reconstituted catalytic domain
s disrupted by dissociation of the protein pair fused to NFLuc and
FLuc. The two products, oxyluciferin and dehydroluciferyl-AMP,
nhibit luciferase competitively [34]. Oxyluciferin is the light emit-
er and the primary product, while dehydroluciferyl-AMP does not
roduce light [29]. We  initially guessed values of each parameterby acquiring the data from previously published articles. We  then
optimized the parameter by curve-ﬁtting numerical solutions of the
equations to new experimental data of ours. We also validated the
model by comparing data generated from experiments and from
the model. In the model analysis, we found an inverse exponential
relationship between the luminescence and afﬁnities of the protein
pair in vitro [31].
To perform in cellulo simulations for this article, we  added equa-
tions to our previously published in vitro LCA model based on the
following assumptions. Recombinant proteins fused to NFluc and
CFLuc are expressed through transcription and translation within
plant cells. The recombinant proteins degrade within the cells. d-
Luciferin, the substrate, diffuses into the cells through the cellular
membranes while ATP that is required for the ﬁreﬂy luciferase
activity is produced within the cells. Dehydroluciferyl-AMP, the
product competitively inhibiting the luciferase activity, interacts
with coenzyme A (CoA) that is produced within the cells [32,35].
The interaction increases the overall luciferase activity due to
reduction of the competitive inhibitor. The system of the entire
reactions in cellulo we assume is shown in (Fig. 4) and (Supplemen-
tal ODE S1). As seen in the ﬁgure, the reactions occurred within
cells are much more complicated than the simple assumption of
FLCA described in (Fig. 2). The comparison underlines the impor-
tance of the mathematical approach to understand the relationship
between luminescence emitted and protein interaction occurred in
cells.
To obtain the optimized parameters, we ﬁrst assumed that the
parameters describing basic enzymatic reactions would not change
from those estimated previously by us for the in vitro FLCA [31].
We,  therefore, added estimations of cell activities such as diffu-
sion, degradation, and synthesis rates into the in vitro model. We
initially estimated values of each parameter in the in cellulo model
by acquiring the data from the previously published article about
luciferase and d-luciferin in living cells [35]. We assumed that
all enzymatic species would degrade at the same rate, so as the
substrates. Our diffusion estimates were based on the number of
transformed cells being between 1000 to 100,000 cells.
We then optimized the parameters by curve-ﬁtting the equa-
tions to in cellulo experimental data, which show kinetics of
luminescence emission as a function of time, conducted by the
research group of Li [7] (Fig. 5). When the raw data were not avail-
able, we  estimated the data based on plots in the published article
using PlotDigitizer that allows us to take an image of a plot and dig-
62 R. Dale, N. Kato / Current Plant Biology 5 (2016) 57–64
Fig. 7. The model predicts the relationship between afﬁnities of protein pairs and the luminescence emitted is inverse exponential. Protein pairs IAA19 against ARF1, 4, 5,
6,  9, and 10, the afﬁnities (Kds) of which range from 30 nM to 300 nM,  are plotted. These protein pairs were previously analyzed by co-immunoprecipitation assay to afﬁrm
the  reliability of the in cellulo FLCA [7]. (A) Simulation of in cellulo FLCA for RLU against c
same  linear trend found using co-immunoprecipitation previously [7]. (B) Simulation of i
an  inverse exponential trend.
Fig. 8. The Kd can be deduced by the in vitro FLCA. By titrating a protein fused to
CFLuc from 0 to 1·103 M while a protein fused to NFLuc is held at 1 nM,  a Kd (shown
here, 100 nM)  can be reasonably determined as 83 nM by the assay. To estimate Kd
most accurately, the titration must be conducted until the same maximum lumi-
nescence is detected with different concentrations of the protein fused to CFLuc. For
example, for the protein pair that has the Kd of 100 nM,  up to 100 M of the protein
fused to CFLuc is required to complete the titration, where NFLuc is held at 1 nM.
The  Kd is deduced using nonlinear regression to a quadratic formula described pre-
viously [24] to ﬁnd the concentration of the protein fused to CFLuc required to reach
50%  saturation. Black circle: luminescence detected with different concentrations
o
i
f
o
a
w
S
B
i
T
a
p
within cells and RLU detected as previously identiﬁed in the exper-f  the protein fused to CFLuc. Red line: line formed by nonlinear regression.
tize values [36]. The curve ﬁt was performed using the lsqcurveﬁt
unction in Matlab [37]. The equations were solved using Matlab’s
de23s for stiff systems. Equations describing the three way inter-
ctions of FRB-NFLuc, FKBP-CFLuc, and rapamycin or ascomycin
ere added to the in cellulo equations (Supplemental ODE S1) (see
upplemental Fig. S1). Rapamycin allows FRB (FKBP12-Rapamycin
inding) to bind FKBP (FK506 binding protein), and ascomycin
nhibits the interaction of FKBP and FRB by binding to FKBP [38].
he K s of rapamycin and ascomycin were obtained from the liter-d
ture [38,39]. The optimized parameters and initial conditions are
rovided in (Supplemental Table S3).oncentration of the protein pair interacting within cells. Notice the plot shows the
n cellulo FLCA for RLU against afﬁnity (Kd) of the protein pair. Notice the plot shows
7. In cellulo model of FLCA suggests that the relationship
between afﬁnities of a protein pair and luminescence is
non-linear
After optimization of the in cellulo parameters, we simulated
the FLCA across a large range of Kds to ﬁnd the in cellulo relation-
ship between Kd and RLU. In the simulation, we found an inverse
exponential relationship as we  previously found in vitro [31]. The
ﬁnding suggests that luminescence would largely underestimate a
protein afﬁnity especially when the afﬁnity is high (Kd <∼70 nM).
The average Kd of protein–protein interactions identiﬁed in yeast
is 5 nM [40]. This means that the in cellulo FLCA would underesti-
mate the afﬁnities of many protein pairs when a linear estimation
of afﬁnity from the RLU values is made.
Isothermal titration calorimetry (ITC) previously determined
the Kd of the protein pair IAA17 and ARF5 is 73 nM [41]. Using
the Kd value as a reference for the in cellulo model, we estimated
Kds of the 96 protein pairs of ARFs and Aux/IAA proteins in Ara-
bidopsis protoplasts, which were previously analyzed by FLCA [7].
In comparison, by normalizing the dataset by the RLU IAA17-ARFs,
we estimated the Kd of IAA17-ARF5 to be 88.4 nM (Supplemental
Table S4). To present our ﬁnding efﬁciently, we generated a heat
map  of the estimated afﬁnity in the 96 protein pairs. (Fig. 6A). We
then reproduced the heat map  of RLUs in the 96 protein pairs that
were previously published. (Fig. 6B) [7]. The comparison shows
the heat map  of the estimated afﬁnities is hotter than the map of
the RLUs in the selected protein pairs with high afﬁnities. This is
because the relationship between the afﬁnity and light emission is
inverse exponential. The comparison shows that the intuitive lin-
ear interpretation of RLU largely underestimates a protein afﬁnity,
especially when the afﬁnity is high.
We  also wished to estimate the relationship between concen-
tration of an interacting protein pair formed within cells and the
RLU emitted using the model. To this end, we used the data of pro-
tein pairs IAA19 and ARF1, 4, 5, 6, 9, and 10, which range from 30 nM
to 300 nM (Supplemental Table S4). These protein pairs were pre-
viously analyzed by co-immunoprecipitation assay to afﬁrm the
reliability of the in cellulo FLCA [7]. We found a linear relationship
between the concentration of the interacting protein pair formediment [7] (Fig. 7A). However, these same protein pairs are, again,
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redicted to have a nonlinear relationship between Kd and RLU
Fig. 7B).
In conclusion, we suggest the data obtained by in cellulo FLCA be
onsidered qualitative but not quantitative with respect to compar-
ng protein afﬁnities, unless a robust model or algorithm is applied
o the luminescence data.
. Obtaining truly quantitative data by in cellulo FLCA
emains a challenge
“The higher the luminescence is, the higher the afﬁnity is” would be
rue when we assume the detected luminescence depends solely
n the afﬁnity of a protein pair. However, the binding kinetics of
 protein pair (Eq. (1)) explains that we need to determine the
mounts of recombinant proteins that are not interacting with each
ther within the cells to determine the afﬁnity of a protein pair
uantitatively.
AB] = [A]  [B]
Kd
(1)
n Eq. (1), [A] represents the concentration of unbound free protein
, [B] represents the concentration of unbound free protein B, and
AB] represents the concentration of the associated protein pair.
ur in cellulo model, in which enzymatic reactions of split ﬁreﬂy
uciferase in cells are incorporated into the in vitro model, shows
he relationship is inverse exponential, as we previously found in
he in vitro FLCA [31]. This ﬁnding suggests reconsideration of the
uantitativeness of previously published data.
We explored possible procedures that might allow for the FLCA
o obtain truly quantitative data. In our previous work describing
he in vitro FLCA model, we found that deducing the Kd of a protein
air by the in vitro FLCA is possible [31]. In the quantitative in vitro
LCA, a given concentration of a recombinant protein fused to NFLuc
s used. The other recombinant protein that may  interact with the
FLuc-fused recombinant protein is fused to CFLuc. Different con-
entrations of the CFLuc-fused recombinant protein are then used
o determine the maximum luminescence emitted in the assay. By
itrating the maximum luminescence detected with different con-
entrations of the CFLuc-fused recombinant protein, we can deduce
he Kd without measuring the amount of recombinant proteins that
re not interacting with each other (Fig. 8). Because the relationship
etween Kd and luminescence emitted is similar between in vitro
nd in cellulo,  the in vitro approach could be taken for the in cellulo
LCA as well. However, it remains a challenge in reality. As shown in
ig. 8, about 103 fold different expressions/accumulations between
FLuc- and CFLuc- fused recombinant proteins are required
o titrate the maximum luminescence. In both Agrobacterium-
ased and protoplast-based assays, it is very difﬁcult to
xpress one recombinant protein 103 fold higher than the
ther.
The FLCA models established for in vitro and in cellulo would help
enerating new strategies to conduct the FLCA in a truly quantita-
ive manner.
cknowledgement
NK thanks Dr. Sorina Popescu and her research group to conduct
he Agrobacterium inﬁltration method.
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